Opioids are commonly used for pain relief, but their strong rewarding effects drive opioid misuse and abuse. How pain affects the liability of opioid abuse is unknown at present. In this study, we identified an epigenetic regulating cascade activated by both pain and the opioid morphine. Both persistent pain and repeated morphine upregulated the transcriptional regulator MeCP2 in mouse central nucleus of the amygdala (CeA). Chromatin immunoprecipitation analysis revealed that MeCP2 bound to and repressed the transcriptional repressor histone dimethyltransferase G9a, reducing G9a-catalyzed repressive mark H3K9me2 in CeA. Repression of G9a activity increased expression of brain-derived neurotrophic factor (BDNF). Behaviorally, persistent inflammatory pain increased the sensitivity to acquiring morphine-induced, reward-related behavior of conditioned place preference in mice. Local viral vector-mediated MeCP2 overexpression, Cre-induced G9a knockdown, and CeA application of BDNF mimicked, whereas MeCP2 knockdown inhibited, the pain effect. These results suggest that MeCP2 directly represses G9a as a shared mechanism in central amygdala for regulation of emotional responses to pain and opioid reward, and for their behavioral interaction.
Introduction
Opioid analgesics are widely used for relieving pain in clinical pain management. Opioids also have strong rewarding and addictive effects after repeated use. In clinical practice, it has long been a disturbing issue how pain affects abuse liability of prescription opioids in patients taking repeated opioids for pain control. In fact, non-medical abuse of prescription opioids is rapidly arising in recent years, including incidences of illicit opioid use and behaviors of problematic opioid misuse among chronic pain patients under opioid therapy (Woolf and Hashmi, 2004; Ballantyne and LaForge, 2007; Passik and Kirsh, 2011) . However, few preclinical or clinical studies have addressed the interaction of pain and rewarding effects of prescription opioids. Previous animal studies on a related topic were mainly intended to use opioid consumption as an alternative measurement for different dimensions of pain behaviors (Martin and Ewan, 2008; King et al., 2009 ). The neurobiological mechanisms by which behavioral responses to pain and opioid reward are regulated remain unexplored.
A potentially important link between pain and opioid reward is emotion processing, as pain is often associated with a negative affective state whereas drug reward induces positive euphoric emotion (Koob et al., 2004; Hyman et al., 2006; Neugebauer et al., 2009) . The amygdalar complex, including the central nucleus of the amygdala (CeA), is a major brain structure for control and integration of emotional responses to positive (e.g., reward) and aversive (e.g., fear and pain) environmental stimuli (Pitkänen et al., 1997) . Indeed, CeA mediates both drug reward-related positive emotional behaviors (Baxter and Murray, 2002; Gottfried et al., 2003; See et al., 2003) and negative emotional states of affective pain (Fields, 2004; Neugebauer et al., 2009 ). Thus, removal of pain-associated aversive state by analgesics can be rewarding (negative reinforcement) and induce reward-related behavior of conditioned place preference (CPP) in animals (Fields, 2004; King et al., 2009 ), a process regulated likely through emotion interaction involving CeA.
The methyl CpG-binding protein 2 (MeCP2), which binds to methylated CpG sites of DNA, is originally known as a prominent transcriptional repressor and disruptive mutations in MeCP2 cause the neurodevelopmental disorder Rett syndrome. Recent studies show that MeCP2 can act as a transcriptional repressor or activator and has a diverse role in the pathogenesis of several neurological diseases (Chahrour et al., 2008; Guy et al., 2011) . For instance, MeCP2 plays an important role in regulating motivational effects of cocaine and psychostimulants (Deng et al., 2010; Im et al., 2010) ; it also has been implicated in modulation of pain behaviors in animals (Géranton et al., 2007; Tochiki et al., 2012) . ␤-tubulin (1:2000; Cell Signaling Technology), or GAPDH (1:2000; Cell Signaling Technology) . Membranes were incubated in secondary antibody to rabbit HRP (1:10,000) or to mouse Ig HRP (1:20,000; Calbiochem).
Chromatin immunoprecipitation assays. CeA tissues were harvested and immediately cross-linked in 1% formaldehyde for 15-20 min. After washes, the CeA tissue was homogenized 10 -30 strokes in a cell lysis buffer. The homogenate was centrifuged and the supernatant was removed. The extracted chromatin was sheared by sonication into 200 -500 bp fragments and was diluted tenfold in chromatin immunoprecipitation (ChIP) dilution buffer. Normal mouse IgG immunoprecipitates with a mouse polyclonal anti-IgG antibody were used as control to normalize appropriate enrichment of signal amplification, and the data were presented after being normalized to saline/WT control groups. Samples were incubated with an antibody to MeCP2 (Cell Signaling Technology), G9a (Millipore), or H3K9me2 (Novus Biologicals). DNA and histones were dissociated with reverse buffer. Binding buffer was used for DNA precipitation and purification, and elution buffer was used to elute purified DNA from the columns. All buffers were provided in the ChIP kit.
DNA quantification. Quantitative real-time (RT)-PCR with SYBR Green Master kit (Applied Biosystems) was used to measure the amount of MeCP2-, G9a-, and H3K9me2-associated DNA with adenine phosphoribosyltransferase (house-keeping mRNA) as negative control. Signal difference was calculated by: ⌬Ct ϭ (N exp Ϫ N ave ) ϫ Ct ave (N exp , normalized Ct value of the target or Ct target /Ct input ; N ave , mean N value for control; and Ct ave , mean Ct value for control).
Quantitative RT-PCR. RNA was extracted with the RNAqueous-4PCR Kit and reverse transcribed with the RETROscript Kit (Applied Biosystems). cDNA was quantified by RT-PCR and specific cDNA regions of the transcripts were amplified with custom-designed primers (Invitrogen). Fold differences of mRNA levels over controls were calculated by ⌬Ct. The following primers were used: G9a, forward 5Ј TGCCTATGT GGTCAGCTCAG-3Ј, reverse 5Ј-GGTTCTTGCAGCTTCTCCAG-3Ј; Bdnf, forward 5Ј-GAGGGCTCCTGCTTCTCAA-3Ј, reverse 5Ј-GCC TTCATGCAACCGAAGT-3Ј; Mecp2, forward 5Ј-CGCTCCGCCCTATC TCTGA-3Ј, reverse 5Ј-ACAGATCGGATAGAAGACTC-3Ј; Gapdh, forward 5Ј-AGGTCGGTGTGAACGGATTTG-3Ј, reverse 5Ј-TGTAG ACCATGTAGTTGAGGTCA-3Ј.
Data analysis and materials. ANOVA (one-way and two-way) and post hoc analysis were used to statistically analyze experimental data between treatment groups with multiple comparisons. Simple comparisons of data between two groups were made with the unpaired Students' t test. Behavioral data with multiple measurements were statistically analyzed by two-way ANOVA for repeated measures with the Bonferroni method for post hoc tests. Data are presented as mean Ϯ SEM and p Ͻ 0.05 was considered statistically significant. All statistical analyses were performed with the Prism software version 5.04 (GraphPad Software). Drugs were purchased from Sigma-Aldrich or Tocris Bioscience.
Results

Acquisition of reward behavior is facilitated in pain conditions
We used a mouse model of persistent inflammatory pain induced by an injection of CFA (40 l) into a hindpaw and measured by thermal and mechanical threshold of sensory pain ( Fig. 1A ; twoway ANOVA, time: F (16,96) ϭ 7.219, p Ͻ 0.001; CFA: F (1,6) ϭ 111.9, p Ͻ 0.001; interaction: F (16,96) ϭ 8.442, p Ͻ 0.001). To determine pain-induced changes in opioid reward at different stages of opioid exposure, we assessed opioid reward with the CPP paradigm (Tzschentke, 2007) , which allows studies on initial acquisition of reward-related behavior and its reacquisition (reinstatement) after re-exposure to opioids. In naive mice, three daily sessions of morphine conditioning induced CPP behavior in a dose-dependent manner (Fig. 1B; F (3, 15) ϭ 23.08, p Ͻ 0.001). In mice with the pain condition (3 d post-CFA injection), a subthreshold dose of morphine (0.1 mg/kg, i.p.), ineffective in control mice, induced significant CPP after three conditioning sessions (Fig. 1C; t (1, 14) ϭ 3.641, p ϭ 0.0027), suggesting increased response of CPP behavior to opioid reward under the pain condition. This low dose of morphine (0.1 mg/kg, i.p.) had no effect on CFA-induced sensory pain (Fig. 1D) .
We then assessed this pain effect on CPP behavior at different stages of CPP acquisition, extinction, and reinstatement with a higher, analgesic dose of morphine at 1 mg/kg intraperitoneally ( Fig. 1E ; two-way ANOVA, time: F (9,45) ϭ 16.41, p Ͻ 0.001; morphine: F (1,5) ϭ 11.80, p ϭ 0.0185; interaction: F (9,45) ϭ 3.847, p ϭ 0.0011). During the initial acquisition period, mice with pain acquired CPP for morphine more rapidly than control mice. Specifically, control mice required a minimum of three daily morphine-conditioning sessions to acquire CPP, but only two such sessions were sufficient in mice with pain ( Fig. 1F; . Acquisition of reward behavior is facilitated in pain conditions. A, Time course for the development of persistent sensory pain induced by CFA and measured by the paw-withdrawal test (n ϭ 6 mice each group). B, Behavior of CPP in naive mice conditioned with saline or three doses of morphine (n ϭ 4 -6 mice each group). C, CPP after conditioning with saline or a subthreshold dose of morphine in CFA-injected mice (n ϭ 8 each group). D, Effects of 0.1 mg/kg morphine on CFA-induced sensitization of thermal and mechanical pain. E, Effects of 1 mg/kg morphine on CFA-induced sensitization of thermal pain. F, Time course of CPP acquisition, extinction, and reinstatement (reinst.) in mice (n ϭ 6 each group) injected with saline or CFA 3 d before the first conditioning session; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
the acquisition, both groups displayed CPP of similar amplitudes, suggesting that pain may mainly affect the sensitivity to acquiring CPP behavior. During CPP extinction induced by daily sessions of conditioning with saline only, CPP extinguished far less slowly in CFA-injected mice when compared with controls ( Fig.  1F ) while CFA-induced sensory pain was diminishing. After CPP extinction, the subthreshold dose of morphine (0.1 mg/ kg), ineffective in control mice, reinstated the CPP in CFA-injected mice (Fig. 1F ) when CFA-induced sensory pain had fully recovered. These behavioral results suggest that the sensitivity to acquiring the opioid-induced preference behavior is increased under persistent pain conditions.
MeCP2 is important for increased sensitivity to reward behavior
Recent studies have shown that MeCP2 plays an important role in regulating drug reward-related motivational effects of cocaine and psychostimulants (Deng et al., 2010; Im et al., 2010) . MeCP2 also has been implicated in modulation of pain behaviors in animals (Tochiki et al., 2012) . Therefore, we examined the underlying molecular mechanisms for the pain effect, focusing on the role of MeCP2 in CeA regulation of pain and opioid reward. We found that MeCP2 expression in CeA was significantly increased in mice with persistent pain (Fig. 2 A , B; t (1,12) ϭ 2.266, p ϭ 0.0428), but not with acute pain (4 h post-CFA injection; Fig. 2C ,D). MeCP2 also was increased in mice with morphine (0.3 mg/kg)-induced CPP (Fig. 2 A , B; t (1,6) ϭ 3.917, p ϭ 0.0078), but not in mice conditioned with a subthreshold morphine dose (0.1 mg/kg) without CPP (Fig.  2C,D) . Repeated home-cage injections of morphine (0.3 mg/kg) without conditioning treatment did not alter the MeCP2 expression (Fig. 2C,D) . In addition, the MeCP2 expression was closely linked to the acquisition of CPP behavior, which was increased after initial CPP acquisition (t (1, 14) ϭ 2.200, p ϭ 0.0451), decreased after CPP extinction (t (1,14) ϭ 2.417, p ϭ Noticeably, the small increase in the magnitude of CPP induced by the higher morphine dose (0.3 mg/kg) in MeCP2-TG mice was not statistically significant ( Fig. 2H ), indicating a possibility that the sensitivity increase for acquired CPP is masked by increasing doses of morphine.
To further determine the MeCP2 role, we used a recently described lentivirus vector expressing a short-hairpin interfering RNA against MeCP2 (lenti-sh-MeCP2; Im et al., 2010) to knockdown CeA MeCP2 by CeA infusion of the vector. Lenti-sh-MeCP2 reduced CeA MeCP2 level by ϳ60% ( Fig. 3A ; t (1,6) ϭ 3.810, p ϭ 0.0089). CFA-induced pain sensitization was significantly inhibited in mice with CeA infusions of lenti-sh-MeCP2 when compared with control mice receiving CeA infusions of a control empty lentivirus vector (lenti-control; Fig. 3 CeA infusions of lenti-sh-MeCP2 had no effect on baseline pain threshold in WT mice (Fig. 3D) . Lenti-sh-MeCP2-mediated knockdown of CeA MeCP2 greatly inhibited the reward response to morphine-induced CPP in naive mice (t (1, 8) ϭ 3.110, p ϭ 0.0144); and it also reversed the sensitized response to subthreshold morphine-induced CPP in CFA-injected mice (t (1, 8) ϭ 3.706, p ϭ 0.006; Fig. 3 E, F ). Representative positions of the cannula tips within the CeA for effective vector infusions are shown in Figure 3G and photomicrograph of a brain slice with CeA infusion of a dye is illustrated in Figure 3H . Together, these results provide several lines of evidence suggesting that amygdalar MeCP2 regulates behavioral responses to pain and opioid reward, and is important for the increased CPP sensitivity in pain conditions.
MeCP2 represses G9a
Next, we determined the targets of MeCP2 in the pain effect by examining changes in the expression of possible candidate proteins, focusing on those that are related to MeCP2-mediated gene repression and are involved in neurological diseases from the list of genes that have been shown to be regulated by MeCP2 (Chahrour et al., 2008) . Consistent with the previous report (Chahrour et al., 2008) , we found that a range of proteins known to be involved in pain and drug-induced neuroplasticity (Pan et al., 1997; Basbaum et al., 2009; Robison and Nestler, 2011) were in fact upregulated (not repressed) in the CeA of MeCP2-overexpressing mice ( expression, we found that the expression of the histone dimethyltransferase G9a showed a profound decrease (Ͼ50%) in the CeA of MeCP2-TG mice ( Fig. 4B ; t (1,14) ϭ 2.442, p ϭ 0.0285). G9a specifically catalyzes the dimethylation of Histone 3 at lysine 9 (H3K9me2), an epigenetic mark for transcriptional repression, and plays an important role in MeCP2-related mechanism of gene repression in neurological diseases (Li et al., 2007; Maze et al., 2010; Robison and Nestler, 2011) . This indicates that MeCP2 may regulate pain responses and morphine reward through transcriptional repression of G9a in CeA. Consistently, protein level of G9a in CeA was significantly reduced in mice with persistent pain ( Fig. 4C ; t (1,8) ϭ 2.380, p ϭ 0.0445), but not with acute pain (Fig. 4D) . The G9a protein level was also reduced in mice displaying morphine-induced CPP ( Fig. 4E ; t (1,12) ϭ 3.334, p ϭ 0.0059), but not in mice receiving morphine injections in their home-cages (Fig. 4F ) . Levels of H3K9me2 in CeA were changed accordingly along with G9a protein ( Fig. 4B-F Further supporting a repressive role of MeCP2 on G9a expression, lenti-shMeCP2 knockdown of MeCP2 increased levels of G9a protein (t (1, 14) ϭ 2.312, p ϭ 0.0393), H3K9me2 marks (t (1, 14) ϭ 3.097, p ϭ 0.0079), and G9a mRNA (t (1, 14) ϭ 3.123, p ϭ 0.0088) in CeA (Fig. 5 A, B) . To determine whether MeCP2 directly regulated G9a transcription, we examined the physical association of MeCP2 with the G9a promoter in CeA tissues by ChIP assays. Using primers spanning the region from Ϫ100 bp to Ϫ3 kb upstream of the transcription start site (TSS) of G9a, we found selective enrichment of MeCP2 oc- Fig. 5D ). Conversely, MeCP2 knockdown decreased the MeCP2 occupancy on the G9a promoter ( Fig. 5D ; t (1,12) ϭ 3.482, p ϭ 0.0045). These findings suggest a direct MeCP2 repression of G9a transcription in CeA.
G9a knockdown increases pain and morphine reward
Based on the above findings, it appears that direct repression of G9a by MeCP2 in CeA contributes to the pain-increased sensitivity to morphine-induced CPP. To test this hypothesis, we examined pain effects on behavior of opioid reward after knockdown of G9a in CeA, using an AAVEF1a-mCherry-IRES-WGA-Cre (AAV-Cre) vector (Fig. 6A) . Infusion of AAV-Cre into the CeA of G9a fl/fl mice significantly reduced the levels of G9a protein (t (1,10) ϭ 6.889, p Ͻ 0.0001) and H3K9me2 (t (1,10) ϭ 3.370, p ϭ 0.0071), but not G9a-like protein (GLP) and EZH2, two other repressive histone methyltransferases (Fig. 6 B, C) . Supporting a localized effect, G9a expression in the basolateral amygdala (BLA) was not affected by the transgene (Fig. 6 B, C) . We then determined the behavioral effect of this G9a knockdown and found that AAV-Cre-injected G9a fl/fl mice displayed sensitized pain response (t (1,12) ϭ 2.243, p ϭ 0.0446) and increased sensitivity to morphine-induced CPP (t (1,10) ϭ 2.503, p ϭ 0.0313) when compared with AAV-GFPinjected control G9a fl/fl mice (Fig. 6D )-findings similar to those observed in MeCP2-overexpressing mice (Fig. 2G,H) .
G9a represses BDNF
It has been shown that MeCP2 controls BDNF expression with positive correlation in expression and through homeostatic interaction with microRNA-212 (Sun and Wu, 2006; Im et al., 2010) , but the epigenetic mechanism by which MeCP2 upregulates BDNF expression is unclear. Considering our current findings and previous reports that BDNF has promoting roles in both chronic pain and drug addiction (Pezet and McMahon, 2006; Pickens et al., 2011) , we hypothesized that MeCP2 may regulate BDNF indirectly through G9a in CeA and BDNF may be an important target gene in the regulating cascade of MeCP2-G9a. Consistent with this hypothesis, we found that BDNF protein level was increased in the CeA of mice with persistent pain or morphine-induced CPP (Fig. 7 A, B ; CFA: t (1,19) ϭ 2.208, p ϭ 0.0397; morphine: t (1,13) ϭ 2.744, p ϭ 0.0167). In contrast to previous reports on direct MeCP2 repression of Bdnf transcription in cultured cortical cells (Chen et al., 2003; Martinowich et al., 2003) , we found that BDNF was upregulated in the CeA of MeCP2-overexpressing mice and was downregulated by MeCP2 knockdown in vivo (Fig. 7 A, B ; MeCP2-TG: t (1,12) ϭ 5.753, p ϭ 0.0001; Lenti-sh-MeCP2: t (1,6) ϭ 3.372, p ϭ 0.015). However, MeCP2 occupancy at various Bdnf promoters in CeA was unchanged in mice with persistent pain (Fig. 7C) , indicating an indirect interaction of MeCP2 and Bdnf. In contrast, G9a occupancy on the Bdnf axon II and IV promoters was reduced in mice with persistent pain ( Fig. 7D ; promoter II: t (1,6) ϭ 3.145, p ϭ 0.0199; promoter IV: t (1,6) ϭ 3.130, p ϭ 0.0203). Additionally, both the G9a binding of Bdnf promoter II and H3K9me2 levels were reduced in mice under conditions of increased MeCP2 expression by persistent pain (G9a: t (1,6) ϭ 3.130, p ϭ 0.0203; H3K9me2: t (1,6) ϭ 3.847, p ϭ 0.0085), by morphine-induced CPP (G9a: t (1,6) ϭ 2.639, p ϭ 0.0386; H3K9me2: t (1,6) ϭ 3.268, p ϭ 0.0171), and by MeCP2 overexpression (G9a: t (1,6) ϭ 4.320, p ϭ 0.005; H3K9me2: t (1,6) ϭ 4.363, p ϭ 0.0048), but were increased by MeCP2 knockdown (G9a: t (1,6) ϭ 2.465, p ϭ 0.0488; H3K9me2: t (1,6) ϭ 3.128, p ϭ 0.0204) in CeA (Fig. 7E) . As shown in Figure 7F , the G9a inhibitor UNC0224 or the G9a/GLP inhibitor BIX01294 infused into CeA also reduced the H3K9me2 level at the Bdnf promoter (UNC0224: t (1,8) ϭ 2.850, p ϭ 0.0215; BIX01294: t (1,10) ϭ 3.069, p ϭ 0.0119) and increased BDNF protein level (UNC0224: t (1,6) ϭ 4.052, p ϭ 0.0067; BIX01294: t (1,6) ϭ 4.052, p ϭ 0.0067). These data support a direct G9a repression , and G9a mRNA in mice with CeA infusion of lenti-control (n ϭ 7) or lenti-sh-MeCP2 vector (n ϭ 9). C, Levels of relative occupancy of MeCP2 on a selected region (Ϫ3 kb to Ϫ100 bp) upstream of the transcription start site of G9a in mice after CeA infusion of lenti-control or lenti-sh-MeCP2 vector (n ϭ 8 mice per group). D, Levels of MeCP2 on a proximal promoter region of G9a (Ϫ316 to Ϫ251 bp) in the CeA from MeCP2-TG mice (n ϭ 4 per group), from mice with persistent pain (n ϭ 6 -8 per group), from mice with morphine-induced CPP (n ϭ 4 mice per group), and from mice with CeA infusion of lenti-sh-MeCP2 (n ϭ 6 -8 per group).
of Bdnf expression and suggest that MeCP2 may upregulate BDNF by repressing G9a expression in CeA. We then examined the roles of G9a and BDNF in behaviors of pain and morphine reward in mice in vivo. In contrast to the pain-inhibiting effect of MeCP2 knockdown (Fig. 3 B, C) , CeAinfusion of the G9a inhibitors enhanced CFA-induced pain response (Fig. 8A , two-way ANOVA; time: F (6,78) ϭ 62.87, p Ͻ 0.001; inhibitor: F (2,13) ϭ 3.753; p ϭ 0.0517; interaction: F (12,78) ϭ 2.317, p ϭ 0.0137). Mimicking the pain effect of increased response to morphine-induced CPP (Fig. 1C) , this G9a inhibition also rendered the subthreshold dose of morphine (0.1 mg/ kg) effective in inducing CPP ( Fig. 8B; UNC0224: t (1,9) ϭ 2.994, p ϭ 0.0151; BIX01294: t (1,9) ϭ 3.177, p ϭ 0.0112). These findings suggest that G9a inhibition augments pain response and increases response in morphine-induced CPP behavior, similar to conditions of persistent pain where MeCP2 expression is upregulated. Consistent with the effect of G9a inhibition, CeA infusion of BDNF, whose transcription was repressed by G9a, promoted responses to pain and morphine reward ( Fig. 8D ; two-way ANOVA; time: F (6,108) ϭ 8.794, p ϭ 0.0001; BDNF: F (1,18) ϭ 1.543, p ϭ 0.2301; interaction: F (6,108) ϭ 9.834, p ϭ 0.0001; Figure  8E ; morphine 0.1 mg/kg, t (1,9) ϭ 6.258, p ϭ 0.0001). Importantly, CeA-applied BDNF rescued CPP by overcoming the inhibition of morphine CPP induced by MeCP2 knockdown ( Fig. 8E ; t (1,9) ϭ 3.610, p ϭ 0.0057). Supporting the pain-promoting and rewardfacilitating effects of CeA BDNF, blocking BDNF signaling by CeA infusion of TrkB-IgG inhibited CFA-induced pain sensitization ( Fig. 8F ; two-way ANOVA; time: F (8,112) ϭ 70.62, p Ͻ 0.0001; TrkB-IgG: F (1,14) ϭ 13.45, p ϭ 0.0025; interaction: F (8,112) ϭ 7.396, p ϭ 0.0001); it also reduced morphine-induced CPP in WT mice ( Fig. 8G; t (1,8) ϭ 4.220, p ϭ 0.0029). CeA-infused TrkBIgG also blocked the increased response in CPP induced by persistent pain (t (1,9) ϭ 2.748, p ϭ 0.0226) and by MeCP2 overexpression (t (1,13) ϭ 5.192, p ϭ 0.0002; Fig. 8G ). Thus, it appears that G9a binds to Bdnf promoters and represses Bdnf expression, and G9a inhibition and activation of BDNF signaling in CeA have the same effect of pain augmentation and reward facilitation. Finally, CPP behavior might be confounded by a pain-induced effect on locomotor activity. In an open field test, we found that mice in saline-and CFA-injected groups displayed similar total distance traveled during the test, and there was also no significant difference in total distance traveled before and after CFA injection (two-way ANOVA; time: F (1,10) ϭ 1.791, p ϭ 0.2104; CFA: F (1,10) ϭ 0.7360, p ϭ 0.4110; interaction: F (1,10) ϭ 1.423, p ϭ 0.2604; Figure 8I ). These data indicate little impact of the pain condition on general locomotor activity of the animals, which is consistent with a previous report under similar pain conditions in mice (Urban et al., 2011) .
Discussion
The present study has presented several lines of molecular evidence suggesting that G9a is a direct transcriptional target of MeCP2 in the regulating cascade of MeCP2-G9a-BDNF in CeA regulation of pain and morphine reward. This convergence of regulating mechanisms on common epigenetic regulators may provide a molecular base for understanding functional interactions between pain responses and rewarding effects of opioids through emotion regulations by CeA. Our findings indicate that priming of this shared mechanism in CeA may contribute to increased response in behavioral preference for opioids under pain conditions.
The molecular function of MeCP2 as a transcriptional regulator has attracted much research attention in recent years due to its important roles in many neurological diseases (Samaco and Neul, 2011) . MeCP2 has been prevailingly regarded as a general repressor by associating with transcriptional corepressors to inhibit gene transcription (Lewis et al., 1992; Bienvenu and Chelly, 2006) . However, this original view has been extended by recent evidence suggesting that MeCP2 also functions as a transcriptional activator. In addition to earlier evidence that is inconsistent with an exclusive gene-silencing role of MeCP2 (Chang et al., 2006; Yasui et al., 2007) , the study by Chahrour et al. (2008), using mice lacking or overexpressing MeCP2, has provided compelling evidence that the majority of hypothalamus genes are in fact activated by MeCP2, and MeCP2 binds to the promoters of the transcriptional activator cAMP response element binding protein (CREB) on selected genes. This presents a model of direct transcriptional activation by MeCP2. In contrast, the current study in CeA suggests a model of indirect transcriptional activation of BDNF by MeCP2 through de-repression (i.e., repression of the repressor G9a), and provides molecular evidence for the direct interactions of MeCP2-G9a and G9a-BDNF. It is interesting to note that such an indirect MeCP2 activation of target genes appears lacking in hypothalamus, as no repressor was found repressed by MeCP2 as previously described (Chahrour et al., 2008) . Martinowich et al., 2003) . Another reported mechanism of indirect MeCP2 regulation of BDNF is mediated by homeostatic interactions of MeCP2 with microRNA-212 in striatum (Im et al., 2010) . Thus, it appears that MeCP2 may repress or activate transcriptional activity of target genes either directly or indirectly through corepressors in different brain regions. Recent studies have demonstrated critical roles of MeCP2 and G9a in a number of neuropsychiatric disorders and particularly in drug addiction. MeCP2 in striatum and nucleus accumbens (NAc) was found to mediate cocaine intake and behavioral response to psychostimulants (Deng et al., 2010; Im et al., 2010) . G9a in NAc was recently reported to inhibit preference behavior for both cocaine and morphine (Maze et al., 2010; Sun et al., 2012) . Repressive MeCP2 control of BDNF was characterized in BDNF-promoted behavior of cocaine intake (Im et al., 2010; Sadri-Vakili et al., 2010) . Our findings in this study of CeA are in general agreement with these reports on reward-promoting roles of MeCP2 and BDNF, and further suggest repressive interactions between MeCP2 and G9a for control of BDNF expression in the preference behavior of opioid reward.
Evidence for roles of epigenetic regulators in the mechanisms of pain behaviors is just emerging (Denk and McMahon, 2012 recent study showed that chronic morphine downregulated G9a in NAc and G9a overexpression promoted analgesic tolerance and withdrawal (Sun et al., 2012) . We reported previously that epigenetic mechanism of histone acetylation was involved in pain development (Zhang et al., 2011) . The present study provides original evidence that MeCP2 and the histone methyltransferase G9a, by transcriptional de-repression of Bdnf, play an important role in promoting pain behavior through BDNF upregulation, representing a molecular mechanism of MeCP2 and G9a-mediated methylation for the development of pain sensitization. It should be noted that G9a also methylates several nonhistone proteins (Rathert et al., 2008; Shankar et al., 2013) . Thus, it is also possible that mechanisms by nonhistone proteins are involved in the behavioral effects after the G9a manipulations in this study. An important question that remains to be answered is how chronic pain and repeated morphine activate this MeCP2-G9a pathway. As described in cultured cortical neurons, a cellular activity-dependent regulation of MeCP2 activity is MeCP2 phosphorylation, which releases MeCP2 from the promoter of its target gene, resulting in transcription activation via de-repression of the gene (Ebert et al., 2013) . MeCp2 phosphorylation has also been attributed to upregulation of several genes in spinal dorsal horn neurons from a rat model of inflammatory pain (Géranton et al., 2007) . While it is likely that cellular activity under the pain and opioid conditions also induces MeCP2 phosphorylation in CeA, it is still unclear how MeCP2 phosphorylation for gene de-repression is related to the MeCP2 upregulation in conditions of pain and repeated morphine found in this study. An alternative mechanism may operate for enhanced MeCP2 repression of its target genes, as observed in this study. It would be very intriguing in future studies to identify mechanisms that link disease conditions, such as chronic pain and opioid dependence, to altered MeCP2 activity in the CNS. The effects of pain on opioid reward and consequently opioid use are still unclear, not to mention the underlying mechanisms. Indeed, sustained pain or noxious stimuli can activate the brain's reward circuitry in humans (Becerra et al., 2001; Zubieta et al., 2001) . Previous animal studies provide conflicting results regarding pain effects on behaviors of opioid reward. While some studies reported that animals with pain consumed less opioids in a self-administration model or displayed reduced CPP behavior (Ozaki et al., 2003; Narita et al., 2005; Martin and Ewan, 2008) , other studies showed that pain increased opioid self-administration and enhanced CPP behavior (Sufka, 1994; Kupers and Gybels, 1995; Colpaert et al., 2001; Cahill et al., 2013) . In this regard, an important factor to consider is the sensory and affective dimensions of pain. Behaviors of drug seeking and drug use generally involve both a positive reinforcing effect of drugs and removal of negative reinforcing effect by drug withdrawal (Koob et al., 2004) . The increased sensitivity in opioid-induced CPP behavior under pain condition we observed in this study may result from pain-induced priming of the reward-regulating cascade in CeA. As pain is often associated with an aversive state and pain relief is rewarding (Fields, 2004; King et al., 2009; Neugebauer et al., 2009) , it is also possible that morphine inhibition of the affective component of pain (i.e., pain relief-induced rewarding effect) contributed to the increased sensitivity, providing that CFAinduced affective pain outlasts the sensory pain (Fig. 1F ) and that the low dose of morphine (0.1 mg/kg), ineffective on sensory pain (Fig. 1D) , is effective in inhibiting CFA-induced affective pain. Further studies are warranted to assess this pain relief-induced rewarding effect. Interestingly, our results indicate that pain may mainly affect the initial stage of reward for learning and acquiring the behavior and may be less effective on already acquired behavior (e.g., drug self-administration).
From a clinical perspective, how pain affects use and abuse of opioid analgesics has become a pressing issue in recent years (Ballantyne and LaForge, 2007) . In addition to multiple systems involved in processing of pain and drug reward, patients with chronic pain commonly develop other comorbid emotional disorders, such as depression, anxiety, and stress, which may differentially alter behaviors of opioid reward (Edlund et al., 2007) . Nevertheless, by identifying molecular mechanisms for CeA functions that regulate emotional processes associated with pain and opioid reward, the current study is an initial step toward understanding the multifaceted interactions between pain experience and behaviors of opioid use.
